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Summary
Healthy, undamaged specimens survive well In recirculating aquarium seawater of about 36 parts per thousand salinity and pH 7·4, having 50 mg.I-1 nitrogen as nitrate, < 0·1 mg .1-1 nitrogen as nitrite, and < 0·1 mg.I-1 nitrogen as ammonia, and a mean annual temperature of 14-15°C, about 5°C above ambient. For maximal growth rates, the gross wet weight oftive crabs required as food ranges up to 10% of the weight of the octopus. Weight-specific growth rates fall from 3-4% day-l at 100-200 g body weight, to 1-1·5% day-I at >500 g body weight. Survival of healthy, wild-caught animals, commonly 4-6 months and up to 8 months, is apparently limited more by endogenous factors concerned with sexual maturation and lifespan than by aquarium conditions. Eggs have been laid but it has not yet been possible to hatch and rear them.
Scientific research on cephalopods is usually associated with warm-water species and, at marine laboratories, with open seawater circulation systems. Most of the substantial body of work on the physiology and behaviour of octopuses has been carried out at Mediterranean or American locations (review by Wells, 1978) where they have been successfully maintained and reared for many years (e.g. von Boletzky, 1974; Van Heukelem, 1977; Forsythe & Hanlon, 1980) . With some exceptions (O'Dor, Durwood & Balch, 1977; Hulet, Hanlon & Hixon, 1980) , squids have proved to be difficult to keep alive in captivity due mainly to their rapid escape response, which causes them to dash themselves against the side of the tank.
In British coastal waters a number of cephalopod species occur (Stephen, 1944) , including Octopus vulgaris which appears occasionally on southern coasts and has been kept at the London Zoo (Vevers, 1961) . Only the northern octopus, Eledone cirrhosa, sometimes called the lesser octopus, however, can be regularly obtained live (Fig. I) . The maintenance of any sizable marine species in the laboratory presents some logistic problems, but E. cirrhosa is not especially difficult and for many years has been kept in the aquarium of the Zoology Department of the University of Aberdeen. In this paper the methods routinely in use for obtaining, handling and keeping the animals alive are described in the expectation that they may be applicable to a number of other institutions.
Sources of supply
Eledone cirrhosa (Lamarck) is distributed from the Faeroes to the western basin of the Mediterranean. It is certainly present throughout British coastal waters but it is difficult to assess how commonly it may be obtained. Although some batches have been sold in Scottish fish markets the species generally has no commercial value and therefore is not usually landed by fishermen. In the Aberdeen area we obtain E. cirrhosa from commercial boats fishing within about 100 km of the port. They are caught in trawls and in seine nets set for bottom species, as well as in creels (pots or traps) set close inshore for lobster and crab. Through interviews with fishermen in many parts of east and west Scotland we have established that E. cirrhosa is present in all areas and from the shore-line out on to the continental shelf in water at least 150 m deep. They live in areas of broken rock as well as on level bottoms of stones, sand or mud.
This octopus may be surprisingly common on these inshore fishing grounds and for many years we have obtained a regular supply of live animals (Boyle & Knobloch, in press) from commercial fishing boats. There is some evidence that E. cirrhosa is more Fig. 1 . Eledone cirrhostl (Lamarck), the lesser or northern octopus. common around Scotland than England, but reliable data for comparison are missing. The main limitation on the supply would seem to be in finding suitable fishing boats with men willing to retrieve octopuses from the catch, care for them and return them to port. We have received excellent cooperation from local fishermen in this respect.
Condition
These soft-bodied, soft-skinned animals are easily damaged by the capture methods. The majority of trawl-caught animals are usually dead or dying when they reach the surface, mostly asphyxiated in the cod-end of the net. Seine nets produce animals in much better condition, but the best are obtained from creels which octopuses enter in order to attack the contained crab or lobster and are themselves caught when the creel is lifted. It is possible to obtain this species by scuba diving, but its cryptic colouration and habits and the time limitation on diving activities are not likely to allow realistic numbers to be collected in this way.
The usual forms of damage sustained by octopuses are skin lesions caused by abrasion, and bruising caused by rough treatment in the net or on deck. From evidence of old scars it is clear that extensive skin lesions can heal in the sea. In the aquarium, though, skin damage rarely heals and any animal with such abrasions will rarely live for more than a few days. Bruising is indicated by blue areas of swollen tissue due to leakage of blood containing the blue respiratory pigment, haemocyanin.
If not too severe it will gradually disappear from most areas of the body.
Transport and handling
Sympathetic handling of the animal from the time it is caught is essential to its survival. The skin is delicate and should not be allowed to touch dry surfaces, neither should the attached arms be pulled too roughly as bruising can easily occur. Our captured octopuses are transferred to a large plastic tank of seawater standing on the deck through which fresh seawater is pumped continuously. A net covering to the tank is advisable to prevent escapes. On entering harbour waters the pumped seawater is stopped and as soon as possible after docking the octopuses are transferred to buckets and removed to the aquarium system of the Zoology Department. The lapsed time between capture and reaching the aquarium is usually 3-12 h.
Aquarium maintenance
The Zoology Department aquarium is a simple, closed-circulation system such as exists in many university laboratories. The bulk of the seawater in the system (total capacity about 90000-100000 I) is stored in 4 cement-lined concrete tanks beneath the basement floor of the building. 2 high-capacity pumps, each operated continuously for alternate weeks, lift the Boyle water to a ground-floor header tank at the rate of 11 000 I. h-I . The basement level aquarium, cold rooms and laboratory draw water on demand from the header tank through polyvinyl-chloride piping and valves. The outflows from each tank return to the subbasement reservoirs through 2 large filter beds of sand, stones and marble chips. A compressed air supply is run to all tanks to allow individual aeration.
The system is filled with coastal North Sea water and topped up at irregular intervals at the rate of approximately 1000 l. week-1 to compensate for leakage, water drawn off for use in other laboratories, and evaporation.
The system has operated continuously and successfu1\y for over 10 years maintaining a stable, though altered marine environment. The filter beds are emptied and renewed alternately roughly every 12 months.
The temperature of the aquarium water shows no significant short-term variations but follows a seasonal cycle of change at about 5°C warmer than bottom temperatures in the shallow North Sea off Aberdeen (Boyle & Knobloch, in press ). Thus the mean temperature for a typical year is 14-15°C (range 9-18°C) compared with 9-IQoC (range 6-12°C) in the sea. Salinity of the aquarium water is usually 36-37 parts per thousand, the increase in salinity over the incoming water (about 34·5 parts per thousand) presumably being due to evaporation. The degree of aeration used in individual tanks and the relatively high circulation rate maintains the oxygen content of the water at near saturation level. The pH is rather acidic at about pH 7 ·4. Analysis (Spotte, 1979) shows that the level of nitrate nitrogen in the water is about 50 mg/I while that due to nitrite does not exceed 0·1 mg nitrogen as nitrite I-I and ammonia 0·1 mg nitrogen as ammonia I-I.
The tank space required by octopuses depends to some extent on their size. E. cirrhosa captured in the North Sea range from about 10 g to almost 2 kg in weight. The mean weight of captured females is about 700 g (max 2000 g) and mean male weight is about 300 g (max 700 g). The overall ratio of females to males captured is 7: 1. Individual animals isolated for experiment or observation are housed in plastic aquaria of 48 x 28 x20 cm deep or 58 x 42 x25 cm deep, outside measurements, and containing approximately 13 I and 28 I of seawater respectively. Flow rates through the tanks are about ll.min-l • Stocks of animals are housed in large circular tanks (2 m O.D., 23001) with a flow rate of about 6 I. min-I. These large tanks have a substratum of sand and include a variety of shelters, rocks and pots (Fig. 2) which act as 'homes'. Octopuses do not maintain individual territories or exclusive occupancy of homes in captivity (Boyle, 1980) . We have experienced no difficulty in housing 25-30 adult individuals in tanks of this size. Small animals (less than 200 g) should not be included Aquarium maintenance of octopus with the adults because of the risk of being killed and eaten, similarly, sick or damaged animals are at risk. Escape from the tanks is a problem which is probably unique to keeping cephalopod species and must be strictly managed. The small plastic tanks require to be covered with lids. We have found plastic garden mesh, mounted in a wooden frame to fit the tank edge and weighted in position with several rocks, to be the simplest manageable solution. An alternative would be to construct more durable lids, hinged and latched to the tank. Lids on the large stock tanks are cumbersome and not very effective. We have adopted an alternative policy of lining the upper 40 cm of the side of the tank with sheet plastic foam 1 cm thick, such as is normally used for furniture upholstery. The sheet foam is held to the inside of the tank below the waterline by a ring of polyvinyl-chloride pipe, folded over the tank rim and held down with cord around the outside (Fig. 2) . The suckers of the arms cannot adhere to this surface and it is completely effective for about 6 months. Eventually the surface becomes water-logged and encrusted with various marine growths and it must be replaced.
Feeding and growth
Like all cephalopods. E. cirrhosa is a voracious predator feeding mainly on crustacea. Live crabs are the preferred food and genera such as Carcinus and Macropipus will be taken readily (Boyle & Knobloch, 1981a) . These and other live crustaceans are usually easily and cheaply available in coastal areas or from commercial suppliers. The weight-specific daily feeding rates in the aquarium have been found to range from less than 1% to 5% of wet bodyweight with a mean of about 2% (Boyle & Knobloch, in press ). Taking into account a feeding efficiency of about 50%, that is, about half of the wet weight of crab is ingested, it is clear that the weight of live food required per day may be up to 10% of the wet weight of octopuses maintained. Although these quantities of food may be required to fuel maximum growth rates, the octopuses survive well on lower rations and may be starved for several weeks.
Growth rates of aquarium animals fed ad libitum on crabs are size related. Small animals (100-200 g) have weight-specific growth rates of up to 3-4% day-I. At sizes over 500 g, maximal rates fall to 1-1·5% day-I (Boyle & Knobloch, in press) . It seems that after being brought into the aquarium some days or even weeks may elapse before feeding and growth commences. Presumably this effect is due to the trauma of capture. Feeding and growth at the normally high rates obviously generates a considerable amount of food debris (crustacean exoskeleton) as well as faeces. The food remains require daily removal and faeces may be skimmed off with a fine net or disappear down the overflow to be dispersed by microbial action in the filter beds.
Survival and breeding Survival in the aquarium depends mainly on the physical condition of the animal on arrival and its stage in the life cycle. Many octopuses suffer some damage when caught by commercial fishing methods. Skin abrasions and bruising are common and, as previously noted, the survival of these animals may be limited to a few days. However, once feeding a healthy animal will survive well in aquarium conditions and survival periods of 4-6 months and up to 8 months may be expected. After this period survival is limited by features of the breeding cycle. It appears that most cephalopods die shortly after breeding (Wells, 1978) . Their high growth rates and early sexual maturity thus lead to a short lifespan. It has been estimated that life span of this species in the field is usually less than 18 months (Boyle & Knobloch, in press) , and it is also known that sexual maturity can occur at small sizes (Boyle & Knobloch, 1981 b) and that it is accelerated by aquarium conditions (P. R. Boyle & D. Knobloch, unpublished observations). Most of the animals which die after a lengthy period in the aquarium are found to be fully sexually mature, and it seems probable that death in these cases is due to endogenous factors rather than physical conditions in the aquarium.
So long as small animals « 200 g) are not housed with adults few problems occur from fighting. A sick o~damaged animal, however, may be partly eaten alive by others or may even eat portions of its own arms (autophagy). This only occurs in animals which are clearly unhealthy and is probably the removal of necrotic tissue. Long-stay animals may develop a lesion of the skin at the end of the mantle (Fig. 3) . Th,ese terminal skin lesions are rarely seen in fresh anunalS and appear to be characteristic of aquarium conditions. Once the skin has broken the lesion increases rapidly in size, it begins to atTect the mantle muscle and soon requires that the animal is killed. It has been reported from the Gauy Marine Laboratory (Dr J. Polglase, personal communication) that a fungus disease infecting these lesions and other areas of the skin is commonly found in their aquarium an~is considered to be the cause of death of many animals. The Aberdeen seawater system has not been so affected.
Males have been observed only once or twice to mate with females in the aquarium. Infrequently, mature females will deposit eggs singly or in strings on the walls of the tanks and objects such as rocks, homes and other objects in the tank. We have no certain evidence that any of these eggs have been fertilized. Although the female will brood the eggs to some extent, guarding and cleaning them, none have ever hatched in the aquarium.
Anaesthesia
Except for weighing, which can be carried out in a closed container, most measurements and laboratory procedures or operations require full anaesthesia. Traditionally the anaesthetic compound used for
Octopus has been urethane. We have had the best results from alcohol (ethanol or industrial methylated ethanol) at 2-3% in seawater; 2-3 I alcohol solution in a small tank is sufficient. The animal succumbs within a few minutes, it first loses coordinated movement and when the chromatophores are relaxed (the skin becomes white) and breathing stops it is judged to be anaesthetized although small, local movements of arm and skin may be still apparent.
Only 15-20 min may be safely allowed for procedures before the animal must be returned to aerated seawater. Usually some massage and forced cir-Boyle culation of water through the mantle cavity is required to assist recovery. Breathing movements return within 1-2 min and the animal is capable of swimming otT.
Discussion
Our experience has shown that it is quite possible to keep a stock of Eledone cirrhosa sufficient for many types of experimental and laboratory studies in a simple recirculating seawater system. In Aberdeen, octopuses occupy only a small proportion of the circulating seawater and it would clearly be possible to maintain them in a smaller system.
The principal difficulty of any work programme to be based on these animals is that of obtaining an adequate supply in good condition. Presently they are rarely obtained in any numbers in laboratories other than at the Universities of Aberdeen and St Andrews. My feeling is that this is largely because of a prevailing impression that they are not available or too difficult to keep. It is certainly true that there are not normal channels of supply, so that potential workers will have to make their own arrangements with fishing boats. But this could be possible in many areas of the UK where simple aquarium facilities exist for their maintenance.
It is disappointing that it has not proved possible to rear this species from the egg and to breed from it. A number of cephalopod species have been reared in open seawater systems from the egg (Choe, 1966; von Boletzky, von Boletzky, Frosch & Gatzi, 1971; Van Heukelem, 1977) or newly hatched juveniles (Itami, Izawa, Maeda & Nakai, 1963) ; and it is possible to culture some small species with large eggs completely in a closed system (Forsythe & Hanlon, 1980) . In the marine laboratory at Banyuls-sur-Mer,
France, E. cirrhosa has been raised on several occasions from eggs laid in the laboratory, but is is not presently possible to achieve this routinely (Mangold, von Boletzky & Frosch, 1971) .
While it is unlikely that octopuses will become widespread as laboratory animals for scientific study in the UK, it is certainly a feasible prospect for many more institutions. Many types of physiological work require long-term studies which will be possible on Eledone cirrhosa and could prove to be a viable alternative to brief research visits to overseas marine laboratories.
